In this study, a fuzzy-identification-based adaptive sliding-mode control (FIASMC) scheme is proposed for a class of nonlinear systems. The FIASMC is comprised of a computed controller and a robust controller. The computed controller containing a fuzzy identifier is the principal controller, and the robust controller is designed to dispel the identification error. In the FIASMC, the parameter adaptation laws are derived in the sense of Lyapunov, so that the stability of the system can be guaranteed. To investigate the effectiveness of the FIASMC, it is applied to control a chaotic Duffing system. The simulation results demonstrate that the proposed FIASMC system can achieve favorable control performance.
Introduction
Most current techniques for designing control systems are based on a good understanding of the plant under consideration and its environment. However, in a number of instances, the plant to be controlled is too complex and the basic physical processes in it are not fully understood. When the exact model of controlled system is well known, there exists an ideal controller to achieve satisfactory control performance by possible canceling all the system uncertainties.
Since the system parameters and the external disturbances may be perturbed or unknown, the ideal controller is always unimplementable. Assume that all uncertainties existed in the controlled system are bounded, a robust design technique referred to as sliding-mode control has been presented to confront these uncertainties [1] . However, to satisfy the robust stability of the sliding-mode control, a control law usually results in large control chattering. In general, there is a trade-off between control chattering and system robustness for the sliding-mode control.
Several model-free approaches based on adaptive control [2, 3] , fuzzy control [4, 5] and neural network control [6] [7] [8] [9] have represented the alternative design methods for the control of uncertain or unknown nonlinear systems. The basic idea of adaptive control is to estimate the plant parameters or controller parameters for the adaptive control design. However, adaptive control can only deal with the systems with known system dynamic structure but unknown system parameters. Fuzzy control using linguistic information is a model-free approach for controlling the dynamic systems. The control rules are fuzzy If-Then rules specifying appropriate control actions. However, it requires the time-consuming trial-and-error tuning procedure for the fuzzy rule design for achieving satisfactory control performance. The key element of neural network control technique is the approximation ability, where the parameterized neural network can approximate the unknown system dynamics or the ideal controller after learning. Although the neural network control can achieve acceptable ontrol performance, the design procedure and computation loading may be overly complex for practical applications.
Recently, some researchers have proposed fuzzy control designs based on the adaptive control scheme. This type of controller is referred to as adaptive fuzzy controllers [10] [11] [12] . Based on the universal approximation theorem [10] , the adaptive fuzzy control design method can provide a stabilizing controller in the Lyapunov sense. With this approach, the fuzzy rules can be automatically adjusted to achieve satisfactory system response by the adaptive laws. Moreover, some researchers have proposed adaptive fuzzy control designs based on the sliding-mode control scheme. This type of controller is referred to as adaptive fuzzy sliding-mode controller (AFSMC) [13] [14] [15] . The AFSMC has the advantages that it can automatically adjust the fuzzy rules like the adaptive fuzzy control and possesses the robustness characteristic against parameter variations and external disturbances [13] .
In the AFSMC, the adaptive law was designed in the sense of Lyapunov, so that it can guarantee system stability. However, it doesn't consider the modeling error, so that the control performance may be unsatisfied. To solve this problem, this study develops a fuzzy-identification-based adaptive sliding-mode control (FIASMC) scheme to include the modeling-error information into the adaptive laws to achieve better control performance. The FIASMC is composed of a computed controller and a robust controller. The computed controller including a fuzzy identifier is designed to stabilize the system, and the robust controller is used to compensate for the effects of the approximation error. Since the FIASMC utilizes the tracking-error and the modeling-error information simultaneously to derive the adaptive laws, the FIASMC system is superior to the AFSMC for the tracking control performance. In order to illustrate the effectiveness of the proposed FIASMC, it is applied to control a chaotic Duffing system. The performance comparison between the proposed FIASMC and the AFMSC is made.
Fuzzy Approximation System
There are four principal parts in a fuzzy system: fuzzifier, fuzzy rule base, , where E is a positive constant; however, this approximation error bound E is difficult to determine, so that it will be on-line estimated in the following derivation. The approximation error generally decreases as the number of the fuzzy rules m increases. In fact, the ideal parameter vector that is needed to best approximate a given nonlinear function is also difficult to determine and might not even be unique. Thus, an estimated fuzzy system is defined as
where is an estimated parameter vector of . Define the estimation error
where . To relax the requirement of the uncertain bound w w w* − = E in the practical applications, a bound estimation mechanism is developed to observe the bound of the approximation error. Define the estimation error of the bound
where Ê is the estimated error bound. In the following, the adaptive laws will be derived to on-line tune the estimated parameter vector of the fuzzy system and the bound of approximation error to achieve favorable control performance.
Ideal Control and Adaptive Fuzzy Sliding-Mode Control
Consider a class of nth-order nonlinear systems with the controllability canonical form
is the state vector of the system, which is assumed to be available for measurement, is an unknown real continuous function, and u is the input of the system. The control problem is to find a control law so that the state trajectory
x can track a reference trajectory closely, where the tracking error is defined as
and a sliding surface is defined as [16] 
where
is the tracking error vector, is the vector ) (e C to be designed, is the initial state of , and
. If the system dynamics are exactly known, the ideal controller can be designed as [1]
where ,
λ is a positive constant and is the sign function. Substituting (13) into (10), yields
where (12) with respect to time and using the error dynamic equation (14) , gives 
In order to drive , consider the Lyapunov function candidate as:
Differentiating (16) with respect to time and using (15), yields
In summary, the ideal control system presented in (13) can guarantee the asymptotic stability in the sense of the Lyapunov [1] . In the most cases, the exact model of the nonlinear system dynamics is always unobtainable; thus the ideal controller cannot be implemented. To overcome this drawback, a model-free control technology, which is referred to as adaptive fuzzy sliding-mode control (AFSMC), is proposed first to achieve desired tracking performance. The AFSMC feedback system is shown in Fig. 1 , where the controller is assumed to take the following form
where the computed controller is chosen as 2) , , (
If the adaptive laws and the robust controller are chosen as
then (24) can be rewritten as
Since is negative semi-definite, that is , it implies that ,
, and integrate Ω with respect to time, it is obtained that
Because is bounded, and is nonincreasing and bounded, the following result can be obtained
is bounded, by Barbalat's Lemma, it can be shown that [2] . That is as
. As a result, the adaptive fuzzy sliding-mode control system is asymptotically stable.
Although the AFSMC can guarantee system stability; however, it only considers the tracking-error information so that the tracking performance in the adaptive law may be unsatisfied. In the following proposed FIASMC scheme, the modeling-error information will be included in the adaptive laws to achieve better control performance.
The objective of the adaptation mechanism in the adaptive law (25) is to adjust the parameters to drive the tracking error to zero. However, when s becomes small, even if the estimated parameter vector is still far away from its ideal parameter vector , the update value of in (25) will still be small.
This will deteriorate the parameter convergence. In fact, the adaptive law can only detect the parameter error 
to fit the available input-output data from the system. In the on-line identification scheme, as an input signal excites the controlled system and the fuzzy identifier simultaneously, the modeling error (the difference between the fuzzy identifier output and the system output) is used by an adaptive algorithm for adjusting the model parameters. Define the modeling error as:
. (33) ) ( ) (ˆn n x x − = δ Using (7), (10) and (32), equation (33) can be rewritten as
It is obvious that the modeling error can be used for adjusting the model parameters and the controller parameters. Therefore, the tracking error and the modeling error can be simultaneously used to tune the controller parameters. In this way, it can intuitively be expected that the derived adaptive law will make the control performance better and the parameter convergence faster and more reliable. Based on the above discussions, the adaptive law utilizing both the tracking-error and the modeling-error information can be derived as
where η is a positive scaling constant. The overall control scheme of the proposed FIASMC system is shown in Fig. 2 . Computing the time derivative of the Lyapunov function in (24) and using (26), (27) and the new adaptive law (35),
where the 4 2 ε term is neglected by assuming that it is small enough. Moreover, similar to the discussion below (28), by using the Barbalat's Lemma, it can be
. As a result, the proposed fuzzy-identification-based adaptive sliding-mode control system is asymptotically stable.
Simulations and Comparisons
In this section, the proposed FIASMC technique is applied to control a chaotic Duffing system. It should be emphasized that the development of the FIASMC does not need to know the system dynamic function. The chaotic systems have been studied and known to exhibit complex dynamical behavior.
The interest in chaotic systems lies mostly upon their complex, unpredictable behavior, and extreme sensitivity to initial conditions as well as parameter variations. Consider a second-order chaotic system such as well know Duffing's equation describing a special nonlinear circuit or a pendulum moving in a viscous medium under control [17, 18] 
where t is the time variable; ω is the frequency;
is the system dynamic function; is the control effort; and (1) the successful integration of the sliding-mode control technique into the adaptive fuzzy controller; (2) the successful development of the FIASMC methodology, which can achieve better performance than the conventional approaches at the expense of a negligible increase in computation loading; (3) the successful application of the proposed technique to control a chaotic system. 
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